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DESIGNS  FOR  A  10.6  ELECTROMAGNETIC 
WIGGLER  FREE-ELECTRON  (FED 

I  Introduction 

There  is  currently  considerable  interest  in  compact,  tunable  radiation  sources  capable 
of  operating  in  the  vibrationaJ  infrared  (IR)  (3 — 30/im)[l|.  Free-electron  lasers  (FELs) 
capable  of  operating  in  this  regime  have  been  developed  over  the  years  at  a  small  number 
of  fixed  facilities  around  the  United  States  and  the  world.  Wider  use  of  FELs  is  currently 
inhibited  by  system  size,  cost,  and  shielding  requirements.  For  instance,  to  achieve  lasing 
in  the  infrared,  electron  beam  energies  of  order  15 — 45  MeV  are  typically  used. 

The  concept  of  an  electromagnetic  wiggler  was  introduced  during  the  early  work  on 
FELs,  The  process  of  stimulated  scattering  with  large  energy  exchange  of  a  laser  beam  by 
a  relativistic  electron  beam  was  studied  by  Pantell[2].  The  concept  of  a  two-stage  FEL  in 
which  the  first  stage  provides  the  wiggler  fields  for  the  second  stage  and  the  same  electron 
beam  is  used  to  drive  both  stages  was  presented  by  Sprangle  and  Smith[3],  by  Elias[4], 
and  by  Pasour  et  a/.[5].  A  microwave  wiggler  FEL  was  investigated  experimentally  by 
Granatstein  et  al.[6].  A  visible  wavelength  FEL  with  a  wave  guided  CO2  laser  pump  was 
investigated  by  Cover,  Tang  and  Sprangie[7].  The  design  of  a  soft  x-ray  FEL  with  a  laser- 
powered  wiggler  was  treated  by  Gea-Banacloche  et  al.[8],  who  also  considered  the  design 
of  a  compact  infrared  FEL  with  a  microwave  wiggler[9].  The  use  of  waveguide  gyrotron 
(WG)  powered  wigglers  was  considered  by  Danly  et  al.[10,ll]  and  experimental  results  for 
a  gyrotron-powered  wiggler  were  obtained  by  Chu  et  c/,[12].  The  gyrotron  is  particularly 
well  suited  for  use  ais  a  wiggler  because  of  its  ability  to  operate  at  short  wavelengths  with 
high  efficiency,  high  circulating  power,  and  long  pulse  lengths.  Electrostatic  (ES)  linacs 
operating  at  a  few  MeV  can  be  quite  compact  and  their  beam  properties  are  well- matched 
to  the  EM  wiggler.  The  ES  linac  can  produce  beams  with  very  low  energy  spread  and 
emittance.  Long  pulse  lengths  (up  to  DC)  are  possible  by  achieving  near  total  charge 
recirculation.  Recirculation  of  the  electron  beam  hats  the  additional  benefit  of  greatly 
reducing  the  amount  of  x-ray  shielding  needed. 

This  paper  discusses  point  designs  for  a  10.6  ^m  gyrotron-powered  electromagnetic  wig¬ 
gler  FEL  experiment  using  an  ES  linac.  Both  WG  and  quasioptical  gyrotron  f  QOG)  wiggler 
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configurations  are  considered.  The  objective  is  to  define  credible  experiments  based  as  much 
as  possible  on  existing  hardware  and  which  could  be  carried  out  relatively  quickly.  The 
operating  wavelength  was  chosen  to  enable  the  use  of  a  CO2  laser  to  provide  seed  radi¬ 
ation  to  accelerate  the  start-up  process,  and  because  very  low-loss  ar  coated  mirrors  are 
available.  Moreover,  10.6  urn  lies  in  an  atmospheric  window  which  is  important  for  Navy 
applications.  The  design  approach  and  design  equations  for  the  QOG-wiggler  PEL  have 
been  given  in  previous  work[15,16,17];  therefore  the  design  equations  presented  here  are 
mainly  for  the  WG-wiggler  configuration.  The  WG-wiggler  analysis  presented  here  is  sim¬ 
ilar  to  the  MIT  work  on  WG-wigglers  except  that  we  consider  linearly  polarized  radiation 
fields.  In  addition,  the  present  work  includes  a  nonlinear  analysis  of  the  electromagnetic 
wiggler  PEL.  This  allows  the  PEL  saturation  power  and  output  coupling  to  be  estimated. 
The  remainder  of  this  paper  is  organized  as  follows:  Section  II  discusses  the  theory  and 
design  principles  for  the  WG-wiggler  PEL,  Section  III  gives  electromagnetic  wiggler  PEL 
point  designs  based  on  waveguide  and  quasioptical  gyrotrons  and  the  UCSB  PEL  beamline, 
and  Section  IV  presents  a  discussion  of  parameter  trade-offs. 

II  Design  of  Waveguide- Gyrotron- Wiggler  FELs 

This  section  discusses  the  theory  and  design  of  IR  PEL  oscillators  based  on  an  electro¬ 
magnetic  wiggler  powered  by  a  waveguide  cavity  gyrotron.  The  wiggler  fields  are  assumed 
to  form  a  TEi„  mode  in  a  section  of  cylindrical  waveguide.  The  system  concept  is  illus¬ 
trated  in  Pig.  1.  The  design  constraints  for  optimum  single- pass  gain,  an  important  PEL 
figure-of- merit,  are  obtained,  including  beam  quality  requirements.  A  simple  nonlinear 
theory  is  used  to  estimate  the  PEL  circulating  power  at  saturation  and  the  required  output 
coupling. 

The  theory  of  the  low-gain  electromagnetic  wiggler  PEL  is  outlined  in  the  next  subsec¬ 
tion.  Beam  quzdity  constraints  2u:e  discussed  in  the  following  subsection.  SI  units  are  used 
in  all  equations  unless  otherwise  noted. 
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II-A  Theory  of  the  Low-Gain  FEL  Oscillator 

A  theory  based  on  the  Hamiltonian  formalism  of  Kroll,  Morton  and  Rosenbluth[18] 
is  used  to  obtain  the  equations  of  motion  for  an  FEL  oscillator  with  an  electromagnetic 
wiggler.  The  starting  point  is  the  modified  Hamiltonian  variational  principle: 

h 

S  j  (Pji  +  PyV  +  PiZ  -  HQ)dt  =  0  ( 1 ) 

u 

where  Tio  is  the  usual  Hamiltonian  associated  with  the  total  energy  of  an  electron,  and 
P*,  P„,  and  P*  are  Cartesian  components  of  the  canonical  momentum.  Neglecting  the 
electrostatic  interaction  between  electrons,  is  given  by: 

Wo  (f,  A<)  =  +  [P  -  eA{r,t)Y  (2) 

As  we  are  interested  in  how  the  FEL  parameters  vary  with  z,  it  is  useful  to  rewrite  Eq.(l) 
as  follows  with  z  as  the  independent  variable: 

s  j [P,x'  +  Pyv'  +  (-P)  i'  -  (-P,)]  dz  =  0  (3) 

*1 

where  derivatives  with  respect  to  z  are  denoted  by  primes,  —E  becomes  the  “momentum” 
conjugate  to  t,  and  — P*  becomes  the  new  Hamiltoniaui,  i.e., 

Wx(x,P*,y,P>,t,-P,z)  = -P,  (4) 

Solving  Eq.(2)  for  —  P,  leads  to; 

Wi  =  -  {(pVc"  -  m'c^)  -  (P*  -  eA^f  -  (P,  -  -  eA,  (5) 

The  wiggler  and  FEL  vector  potentials  are  assumed  to  be  independent  of  x,  y  in  the  region 
of  the  electron  beam.  This  implies  that  the  transverse  canonical  momentum  Px  =  PxX+PyV 
is  a  constant  of  the  motion;  this  constant  is  assumed  to  be  zero,  i.e.,  beam  emittance  is 
neglected.  For  linearly  polarized  TE  or  TEM  mode  radiation,  we  may  set:  P^  =  Py  =  = 

A,  =  0,  and  the  Hamiltonian  takes  the  form: 

Wi  = -mc|7^ -- 1  -  e^Aj/m^c^}  ^  (6) 
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The  electron  beam  interacts;  with  a  counter- propagating  wave  in  the  electromagnetic 
wiggler.  The  vector  potential  for  the  wiggler  field  can  be  approximated  near  the  axis  by: 


^wy  — 


^^aw(-)exp{j  ■+ wt)  }  +  c.c. 


where  u;  is  the  angular  frequency  and  Ar||  is  the  axial  wavenumber  of  the  pump  radiation, 
m  and  e  are  the  electron  rest  mass  and  charge  magnitude,  c  is  the  speed  of  light,  and 
uw(2)  is  the  root-mean  square  (rms)  wiggler  parameter.  The  wiggler  parameter  may  have 
a  weak  2-dependenie  if  the  wiggler  field  corresponds  to  a  Gaussian  mode  or  is  guided  by  a 
nonuniform  wavegui«le,  how»*ver,  when  a^{z)  1  there  is  virtually  no  effect  on  the  resonant 

energy  and  thus  no  tapering  effect.  The  FEL  interaction  generates  a  wave  moving  in  the 
direction  of  the  electron  beam.  The  vector  potential  for  this  copropagating  wave,  which  is 
assumed  to  be  a  Gaussian  mode  of  <Ln  open  Fabry- Perot  resonator,  has  the  form: 


1  me 


a,(2)exp{-(fc,2  +C.C. 


where 


a.  (z)  =  0.0 


w,  (z) 


'1  +  it 


tVfO  is  the  beam  waist  radius  of  the  FEL  mode,  and  zq  is  the  Rayleigh  length.  As  is  well 
known,  the  FEL  bunching  mechanism  results  from  a  “ponderomotive  potential”  which  in 
the  case  of  aji  electromagnetic  wiggler  moves  at  the  resonant  velocity: 


w,  —  u; 


Thus  it  is  useful  to  express  the  electron  motion  in  terms  of  the  slow-time-scale  pha^e 
parameter  V’  =  (^»  +  ^||)  z  +  (uj,  —  u)  t.  Averaging  over  a  wiggler  field  time  period  and 
neglecting  higher  harmonic  interactions,  the  Hamiltonian  Hi  can  be  written  in  the  slow- 
time-scale  approximation  as: 

Hi  =  -me  |7*  -  1  -  +  2a^a,  cosipj  ^  (11) 

Hamilton’s  equations  for  the  conjugate  coordinates  E  and  t  are  given  by: 


It  is  convenient  to  express  the  motion  in  terms  of  7  and  ip  instead  of  E  and  t.  Using  the 
definitions  of  7  and  ip  and  Hamilton’s  equations  one  readily  obtains; 

u),  —  uj  dH-i 


Ip'  =  +  ^11  + 

,  1  m, 


mc^  ^7 


=  t,  +  i|l  - 
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^  -  1  -  -  al +2a^a,  cos  ipy^^ 

au,a,  sin  Ip 


(14) 

(15) 

(16) 

—  (17) 

c  {72  -  1 +  2a^a,cos^}'''^ 

Assuming  the  low  gain  limit  with  a*  a*  "C  1  7,  the  above  equations  can  be  simplified 

by  writing  7  =  7,  +  A7  where  7,  corresponds  to  the  resonant  velocity  defined  by  Eq.(lO) 
to  obtain: 

dtp  kg  —  k 

(lAkY 

^7  k,  -  k 


mc^  dt 

Evaluating  the  derivatives  leads  to: 

dh'  .  .  uj,  —  uj 

_ 

d: 


73^7 

-a^a,  sin  ip 


(18) 


(19) 


dz  7r^t|r 

where  k  =  w/c  is  the  wavenumber  of  the  wiggler  radiation  and,  for  a  relativistic  beam, 

«  ^X/  (1  +  tii/t)  A..  (20) 

It  is  convenient  to  introduce  the  normalized  ponderomotive  potential  amplitude  and  nor¬ 
malized  energy/detuning  parameter  according  to: 

E  {^kg  ~~  ^) 


AiO  = 

V  = 


L{kg-k) 

{'rAr)' 


-A7 


(21) 

(22) 


where  C  =  zjL^  L  =  2^0  is  the  interaction  length,  and  a  uniform  wiggler  field  has  been 
assumed.  With  these  definitions,  the  FEL  equations  of  motion  can  be  expressed  in  the 
following  simple  form[19]: 

dV 


dC 

dip 


=  -.4(C)  sin  t/> 


=  V 


(23) 

(24) 
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These  equations  may  be  further  simplified  by  replacing  ^(C)  by  its  value  averaged  over  the 
interaction  region  (—1/2  <  (  <  1/2): 


(lr/3llr) 
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The  use  of  the  average  ponderomative  potential  amplitude  is  justified  when  the  wiggier 
parameter  is  small.  In  this  approximation  Eqs.(23)  and  (24)  apply  to  a  constant  wiggier, 
low-gain  FEL  and  have  been  solved  numerically  by  Booske  et  al.  [20].  The  solutions  depend 
on  A  and  the  initial  detuning  'Pi^j  and  can  be  displayed  as  a  contour  plot  as  shown  in  Fig.  2. 
The  figure  shows  contours  of  constant  normalized  efficiency  AP  =  Pi^  -  {'P(l/2))  where 
(  )  denotes  an  average  over  the  phase  i/j((  =  —1/2).  The  electronic  efficiency  of  the  FEL  is 
then  given  by: 

n  =  «  —  (261 

L  (uJs  -  u;)  -  1  47rN 

The  last  expression  is  obtained  by  assuming  7inj  ^  1  and  w*  >  w,  and  yields  the  usual 
FEL  saturation  efficiency  estimate  when  AP  ~  27r.  Eqs.(23)  and  (24)  can  be  solved  in  the 
linear  regime  to  obtain  the  normalized  small-signal  efficiency: 


AP„  = 


A^  d 

Td^ 


_  /  sin(Pi^/2)Y 

j  \  ^iiij/2  / 


The  rms  circulating  power  in  a  TEi„  mode  of  the  wiggier  (see  below)  and  the  Gaussian 
FEL  radiation  mode  are  given  by: 


=  4Po(a:L-l)«^?n(^ir.)  7/4. 


P  - 

P*  ^ 


where  Pq  =  irm^c*f(2e^Zo)  =  1.09  GW.  It  follows  that  the  small-signal  power  gain  per  pass, 
G  =  APa/Pg,  for  a  FEL  with  a  cold  filamentary  electron  beam  in  the  low-gain  Compton 
regime  is  given  by: 


rM  -  1  I  a;  (k,  -  kf  d  /si 


'sin(Piri/2) 
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where  cr,  is  the  FEL  mode  area,  I  is  the  electron  current  within  the  mode  area,  /a  = 
iirTTKp I (Zoe)  ~  17000  A  is  the  Alfven  current,  and  Zq  =  377  ohms.  The  maximum  gain  is 
obtciined  for  ~  2.6  which  yields 


d  ^in(Pi^/2)y^ 

P^/2  ) 


(31) 


The  relativistic  electron  beam  and  the  wiggler  wave  pass  through  each  other  at  essentially 
the  same  speed  so  that  the  number  of  wave  periods  encountered  by  an  electron  passing 
through  the  wiggler  is  given  by: 


Ap 


For  a  relativistic  beam  the  peak  gain  is  given  in  terms  of  N  as: 

I  \3/2\1/2 

=  27r^- — - — Af^(0.27). 


(32) 


(33) 


The  minimum  radiation  waist  of  the  FEL  mode  is  determined  by  the  required  Rayleigh 
length.  This  fixes  the  minimum  radiation  waist  of  the  FEL  mode  as: 


2t  ' 


(34) 


The  FEL  radiation  beam  waist  constrains  the  maximum  size  of  the  electron  beam  radius 
consistent  with  low  coupling  losses.  For  the  case  of  the  lowest  order  Gaussian  mode,  the 
effective  FEL  mode  area  is  given  by;  <r,  =  7rte^/2[21].  Thus,  to  match  the  electron  beam 
cross  section  to  the  effective  area  of  the  radiation  beam  requires:  ri,  <  Wify/2  (filling  factor 
of  1).  Using  these  relationships,  substituting  for  a,,  and  using  the  optimum  value  of  Pj^j, 
leads  to  the  following  expression  for  the  peah  cold  beam  gain  using  an  electromagnetic 

wiggler:  _ 

h'lN^^O.27)  (35) 

The  rms  circulating  power  in  the  FEL  resonator  at  saturation  is  given  by: 


gS  =  le^r^^ 


8Po(7r%)*^'  _  P07M2 

{k,  -  A:)'*  L^X,al  ^ir^N^al 


(36) 
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In  the  cold  beam  limit,  the  ratio  of  the  steady-state  beam  current  to  the  minimum  start 
current  is  denoted  by  x  =  1 1 iatart  and  is  given  by: 


X  = 


4AP 


(0.27) 


(37) 


Contours  of  constant  x  are  plotted  in  Fig.  2.  Thus,  the  output  coupling  per  pass  coefficient 
(neglecting  losses)  required  for  steady-state  operation  at  given  values  for  A  and  efficiency 
is: 


14.8APG<^) 

A^ 


(38) 


II-B  FEL  Electron  Beam  Quality  Requirements 


The  achievable  electron  beiim  quality  places  significant  restrictions  on  the  parameters  of 
the  FEL  available  for  operation  near  the  cold-beam  limit.  To  operate  near  the  cold  beam 
regime,  the  inhomogeneous  broadening  associated  with  beam  energy  spread,  emittance, 
transverse  wiggler  gradients,  and  space  charge  should  be  less  than  the  homogeneous  gain 
bandwith.  Following  the  approach  of  Jerby  and  Gover[22],  expressing  the  FEL  mode  area 
and  pump  mode  radiation  waist  in  terms  of  the  number  of  wiggler  periods,  and  accounting 
for  energy  spread,  finite  emittance,  space  charge,  and  wiggler  transverse  gradient  detuning 
effects,  the  following  expression  is  obtained  for  the  warm- beam  electromagnetic  wiggler 
FEL  gain[15,16]: 


(5(w) 


IfiTT^ 


(0.27). 


1  -f 


The  detuning  spread  due  to  energy  spread  is  given  by [22]: 

ae: 


^th,i  =  2irN- 


E 


The  detuning  due  to  finite  emittance  is  given  by[22]: 

^th.2  =  2;rA'4 


(40) 


(41) 


where  is  the  normalized  emittance.  The  detuning  spread  due  to  space  charge  is  given 
by{22]: 


^th.3  =  27rA- 


(42) 
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where  Budker’s  parameter  is  given  by:  v  =  1 1  f,.  The  detuning  due  to  the  transverse 

field  inhomogeneity  in  a  waveguide  wiggler  is  [10]: 

^th,4  =  ^^^olklrl  (43) 

For  comparison,  the  transverse  gradient  detuning  for  a  magnetostatic  wiggler  is  given  by: 

^th.n»w  =  vNalklrl  (44) 


where  is  the  wavenumber  for  the  magnetostatic  wiggler.  To  avoid  a  large  reduction  in 
the  gain  from  the  cold  beam  value,  each  of  the  above  detuning  parameters  should  be  less 
than  TT  radians.  The  detuning  effect  due  to  transverse  wiggler  gradients  is  typically  very 
small  for  millimeter- wave  electromagnetic  wigglers. 

II-C  Gyrotron-Powered  Waveguide  Wiggler  Fields 

The  electric  field  of  a  TE  mode  backward  traveling  wave  in  a  waveguide  can  be  written  in 
the  form: 

e  =  (r,  z)  +  c.c.  (46) 

where  f~  is  an  amplitude  factor  with  dimensions  of  voltage  and  Cmn  is  a  transverse  vector 
mode  function  which  satisfies: 

J  da  e,  ■  ej  =  6ij,  (46) 

A 

and  may  depend  parametrically  on  z.  For  a  TE  mode:  e„j„  —  z  x  where,  for  a 

linearly  polarized  mode,  the  scalar  mode  function  is  given  by 

V'mn  =  (^mn^)  COS  (m^)  (47) 


where  is  a  normalization  coefficient  given  by 


= 

Wtt  *1 


y/2 

m^)i/ni  (®mn) 


(48) 


k,nn  =  Jm  is  a  regular  Bessel  function,  Xmn  is  a  zero  of  and  is  the  waveguide 

radius.  TEi„  mode:  are  of  particular  interest  for  wiggler  operation  because  these  modes 
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(49) 


have  strong  on-axis  transverse  fields,  i.e., 

(^l  f 

Cin  (r,^;2)  =  [yo(^inr)y  -  ijCitinr)  {co%B  ^  -sin^  r]] 

In  the  Coulomb  gauge  ^  =  —dAjdt  so  that 


^(r1  =  4.  c.< 


(50) 


where  A  =  f~  ju^.  It  follows  that,  for  a  linearly- polarized  FEL  interaction  localized  near 
the  eixis,  the  rms  wiggler  parameter  is  given  by; 


mc^  2y/2k  ^ 


(51) 


To  estimate  the  wiggler  fields  obtainable  with  a  waveguide  g^'rotron,  consider  a  system 
with  the  wiggler  and  gyrotron  cavities  having  a  common  axis  and  joined  by  a  gradual  taper 
to  obtain  strong  coupling  with  minimal  mode  conversion.  The  gyrotron  has  an  annular 
electron  beaun  which  coincides  with  an  off-axis  peak  of  the  TEi„  interaction  mode  and 
the  gyrotron  electron  gun  has  a  hollow  cathode  to  allow  the  FEL  radiation  and  electron 
beams  to  exit  from  the  wiggler.  As  is  well  known,  the  nonlinear  operation  of  the  gjTOtron 
can  be  expressed  in  terms  of  a  few  normalized  parameters  including  the  normalized  rf 
field  amplitude  F  and  interaction  length  p.  The  nonlinear  equations  of  motion  can  be 
solved  numerically  and  the  nonlinear  single-mode  efficiency  for  optimized  detuning  and  a 
given  harmonic  number  s  can  be  displayed  on  an  F  —  p  plot[23].  For  circular  polarization, 
the  normalized  field  amplitude  is  the  same  for  all  beam  electrons.  For  linear  polarization 
the  field  amplitude  depends  on  the  guiding  center  angle  ©q  of  the  beam  electron  and  the 
interaction  must  be  averaged  with  respect  to  this  angle  to  obtain  the  efficiency.  The  general 
expression  for  the  guiding-center-dependent  field  amplitude  of  a  TEmn  mode  is  given  by 

(52) 

Specializing  to  the  fundamental  harmonic  interaction  with  a  linearly  polarized  TEi„  mode 
with  the  annular  electron  located  on  an  outer  peak  of  the  electric  field  leads  to: 


F^(0o)  =  Fcos0o 


(53) 
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where 


inc^  7oPlo 

and  the  fact  that  JaC-)  =  —Jo(z)  at  a  peak  of  Jq  has  been  used.  The  peak  field  characterized 
by  F  in  a  linearly  polarized  g\Totron  should  be  comparable  or  somewhat  higher  than  the 
peak  field  in  a  circularly  polarized  gyrotron  but  the  efficiency  w-ill  be  ~  30%  lower  due  to  the 
average  over  guidifig  <  rulers.  The  gyrotron  interaction  mode  has  near- zero  group  velocity 
and  involves  both  the  fitrward  and  backward  components  of  the  longitudinal  standing  wave. 
Thus  the  interact  km  lu  ld  amplitude  /  =  2/f,  where  /f  is  the  amplitude  of  the  backward 
propagating  mode  in  the  g\TOtron  cavity.  Assuming  conservation  of  axial  power  flow  in 
the  combined  g\roiroii  wiggler  resonator  leads  to  the  following  relation  between  the  field 
amplitude  in  the  wiggler  section  (/T )  and  the  field  amplitude  in  the  gyrotron  cavity: 

K  =  (55) 


and  the  wiggler  pau-ameter  can  be  expressed  in  terms  of  the  normalized  field  in  the  gyrotron 
according  to:  _ 

(56) 

4\/2  k  *:i|2  Jo(*;j.irb) 

Gyrotron  operation  in  higher  order  TEi„  modes  generally  leads  to  a  higher  wiggler 
parameter  (and  higher  FEL  gain),  and  is  needed  in  higher  frequency  wigglers  to  provide 
adequate  clearance  for  the  FEL  beam.  A  TE13  WG-wiggler  has  been  demonstrated  by 
MIT[12],  but  a  TE13  mode  results  in  a  gyrotron  cavity  and  electron  beam  which  are  only 
marginally  large  enough  for  a  10  nm  FEL.  The  TEj^  mode  is  a  better  choice  for  a  60 — 
100  GHz  WG-wiggler,  but  this  mode  is  suppressed  by  the  TE62  mode  in  a  circular  waveg¬ 
uide  even  if  slots  are  used.  Theory  indicates  that  the  TE^  mode  can  be  the  dominant 
mode  in  a  slotted  slightly  noncircular  waveguide[24],  but  this  has  not  yet  been  demon¬ 
strated  experimentally.  The  use  of  WG-wigglers  having  the  present  configuration  above 
100  GHz  will  probably  require  still  higher  order  TEj„  modes,  whose  stability  has  yet  to  be 
investigated. 
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II-D  Gyrotron-Wiggler  Resonator  Ohmic  Q 

The  stored  energy  in  the  gyrotron-wiggler  resonator  can  be  estimated  by  approximating 
the  resonator  as  two  sections  of  cylindrical  waveguide.  This  gives: 


where  the  subscript  “1”  denotes  the  gyrotron  cavity  section,  ‘‘2”  denotes  the  wiggler  section 
of  the  waveguide,  and  ^ni  =  ir/Li.  The  wiggler  circulating  power  is  denoted  by  = 
(ib||/2Zofc)l/~p.  Similarly,  the  resonator  ohmic  losses  are  given  by; 


II-E  Electron  Gun  for  WG-Wiggler 

In  the  present  in-line  configuration,  the  gyrotron  electron  gun  has  a  hollow  cathode  to  allow 
the  PEL  radiation  beam  and  recirculating  electron  beam  to  exit  the  wiggler.  To  minimize 
development  costs,  it  will  be  advantageous  to  modify  an  existing  electron  gun  design.  The 
cathode  radius  should  be  sufficiently  large  that  the  presence  of  the  hole  has  little  effect  on 
the  accelerating  fields  near  the  cathode  experienced  by  the  gyrotron  electron  beam.  The 
gun  should  also  be  able  to  operate  at  or  above  100  kV  as  the  wiggler  parameter  obtainable 
in  a  given  mode  scales  with  voltage. 

The  present  design  is  based  on  the  Varian  VUW-8144  electron  gun  which  was  designed 
for  an  experimental  140  GHz,  TEis.j  mode  gyrotron  capable  of  w  1  MW  output  power[25]. 
This  gun  has  achieved  voltages  above  100  kV,  and  currents  over  50  A,  during  pulsed  oper¬ 
ation,  The  radius  of  the  emitting  surface  of  the  cathode  is  2.9  cm,  thus  the  cathode  should 
easily  ax:commodate  a  0.75  cm  radius  hole  on  axis.  The  VUW-8144  gun  has  an  interme¬ 
diate  voltage  “mod-anode,”  which  allows  considerable  flexibility  to  adjust  the  gyrotron 
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Original 

WG-Wiggler 

TE  Mode  Indicies 

15,2 

1,4 

Wavelength 

2.1  mm 

5  mm 

Gyrotron  cavity  radius  (r,j) 

7.8  mm 

9.6  mm 

Cavity  beam  radius  (rb) 

5.5  rrun 

5.8  mm 

Magnetic  compression  ratio 

28 

25 

Table  1:  Comparison  of  electron  beam  and  cavity  parameters  of  MIT  140  GHz  WG  with 
60  GHz  WG-wiggler  parameters  compatible  with  Varian  VUW-8144  electron  gun. 

cavity  electron  beam  parameters  by  varying  the  cavity-to-cathode  magnetic  field  compres¬ 
sion  ratio  and  the  mod-anode  voltage.  Operating  in  a  TEt4  {and  to  a  greater  extent,  the 
TEi3  mode)  requires  a  smaller  electron  beam  than  the  TEis.j  mode  at  a  given  frequency. 
This  difference  can  be  accommodated  by  increasing  the  magnetic  compression  ratio  and/or 
decreasing  the  operating  frequency  (from  140  GHz).  The  maximum  compression  ratio  is 
limited  by  loss  of  beam  quality  and  the  onset  of  beam  reflection.  Table  1  gives  electron 
beam  and  gyrotron  cavity  parameters  for  a  60  GHz,  TE14  mode  wiggler.  The  corresponding 
parameters  for  the  VUW-8144  electron  gun  in  the  original  140  GHz  gyrotron  design  are  also 
given  for  comparison.  The  electron  beam  couples  to  the  third  peak  of  the  cavity  electric 
field  (nt/rwi  =  0.6).  By  operating  at  60  GHz,  the  cavity  beam  radius  and  the  magnetic 
field  compression  ratio  are  close  to  the  original  design  values.  Higher  frequency  wigglers 
require  a  higher  compression  ratio.  For  example,  at  80  GHz  the  compression  ratio  must  be 
increased  to  45  to  produce  a  smaller  beam  in  the  cavity.  The  feasibility  of  designs  based 
on  the  VUW-8144  electron  gun  must  be  considered  provisional  until  verified  by  trajectory 
calculations. 
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Ill  Electromagnetic  Wiggler  FEL  Point  Designs 
III-A  WG- Wiggler  FEL 

The  10.6  fim  WG-wiggler  FEL  design  is  based  on  the  TEi^  mode,  and  a  frequency  of  60 
GHz.  A  schematic  of  the  FEL  oscillator  experiment  is  given  in  Fig.  1.  The  gyrotron  cavity 
and  wiggler  waveguide  sections  are  assumed  to  be  slotted  and  to  have  a  slightly  elliptical 
cross  section  to  suppress  mode  competition  with  the  TE62  mode  (see  Ref.  [24]).  The 
parameters  of  the  WG-wiggler  are  given  in  Table  2.  The  wiggler  parameter  is  maximized 
by  1)  using  a  short  gyrotron  cavity  to  optimize  the  efficiency  at  high  cavity  fields,  and  2) 
reducing  the  diameter  of  the  wiggler  waveguide  to  increase  the  radiation  power  density.  A 
drawback  to  the  second  method  is  that  the  axial  component  of  the  wiggler  field  wavenumber 
is  reduced  resulting  in  less  frequency  upshift. 

The  accelerator  parameters  have  been  chosen  to  be  consistent  with  values  achieved 
by  the  UCSB  FEL  betun  line[13],  except  that  the  current  is  assumed  to  be  upgraded 
from  2  to  5  A.  The  design  is  based  on  a  600  period  wiggler  with  an  effective  length  of 
150  cm.  The  FEL  parameters  are  given  in  Table  3.  The  small  signal  warm  beam  gain 
per  pass  is  3.7%  for  10  ^m  radiation.  As  indicated  in  the  present  design,  the  wiggler 
paxameter  of  electromagnetic  wiggler  FELs  will  tend  to  be  much  smaller  than  values 
typictd  for  conventional  FELs,  because  of  problems  with  generating  high  wiggler  circulating 
powers.  The  small  signal  gain,  which  is  proportional  to  the  wiggler  circulating  power,  will 
also  usually  be  less  than  typical  gains  achieved  by  conventional  FELs.  The  normalized 
ponderomotive  potential  was  chosen  to  be  ^  =  17  which  optimizes  the  the  nonlinear 
efficiency  of  the  FEL  as  shown  in  Fig  2.  The  resulting  circulating  power  in  the  FEL 
resonator  is  1.7  MW  for  10,6  /im  operation  and  the  required  output  coupling  is  1.3%. 
The  main  sources  of  resonance  thermalization  are  the  beam  energy  spread,  emittance,  and 
space-charge.  There  is  very  little  detuning  spread  due  to  wiggler  gradients.  To  estimate 
the  useful  output  power,  per-pass  resonator  losses  for  the  ar-coated  mirrors  are  assumed 
to  be  0.4%,  and  the  output  coupling  efficiency  of  a  small  hole  in  the  mirror  is  taken  to  be 
50%[13]. 
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Table  2:  Parameters  of  linearly  polarized  60  GHz,  TE14  mode  WG-wiggler. 


UnivfTsal  PEL  Amplitude  (^) 

17 

Universal  PEL  Efficiency  (AP) 

5.4 

EU*ctron  Beam  Energy 

5.43  MeV 

Electron  Beam  Current 

Normalized  Emittance 

10  mm  mrad 

Electron  Beam  Energy  Spread 

1.25  keV 

Electron  Beam  Diameter 

2.24  mm 

Beam  Current  Density 

126  A/cm^ 

Interaction  Length 

150  cm 

PEL  Radiation  Waist  Diameter 

3.2  mm 

Cold  Beam  Gain  per  Pass 

4.6% 

Warm  Beam  Gain  per  Pass 

3.8% 

Optimum  PEL  Resonator  Loss  per  Pass 

1.3% 

PEL  Saturation  Power 

1.6  MW 

PEL  Interaction  Efficiency 

0.08% 

PEL  Output  Power 

7  kW 

Table  3:  Parameters  of  10,6  /xm  PEL  based  on  the  60  GHz,  TEh  mode,  600  period 
WG-wiggler  and  the  (upgraded)  UCSB  PEL  beam- line. 
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III-B  QOG-Wiggler  FEL 

Design  parameters  have  been  obtained  for  a  QOG-wiggler  FEL  oscillator  operating  at 
10.6  fim.  The  system  concept  is  illustrated  in  Figure  3.  The  wiggler  field  would  be  provided 
by  a  high  voltage  (HV)  QOG  operating  at  95  GHz.  Operation  at  high  voltage  is  one  way  to 
achieve  the  high  circulating  power  needed  adequate  single-pass  gain[15].  In  addition,  high 
output  power  is  needed  to  overcome  losses  due  to  wiggler  mirror  apertures.  These  losses 
are  estimated  to  be  ~  8%  per  pass  for  a  10  ^m  FEL  with  an  85  GHz  QOG-wiggler[26]. 
The  QOG  required  by  the  wiggler  could  be  developed  from  the  current  experimental  NRL 
100  kV  QOG  by  replacing  the  existing  Varian  VUW-8144  electron  gun  by  the  much  larger 
and  higher  power  Varian  VLiW-8101  electron  gun.  This  gun,  originally  designed  to  produce 
a  500  kV,  150  A  beam  with  a  —  uj./u||  «  0.5  for  high  power  CARM  experiments [2 7],  can 
also  produce  a  high  a  (>  1)  gyrotron  beam  at  voltages  up  to  250  kV.  The  radius  of  the 
cathode  emitting  surface  is  3  cm  which  is  close  to  that  of  the  VUW-8144  gun,  thus  a  similar 
sized  beam  would  be  produced  in  the  QOG  resonator.  The  QOG-wiggler  parameters  are 
listed  in  Table  4.  The  required  FEL  beam  energy  is  3.9  MeV.  The  parameters  of  the 
ES  linac  FEL  axe  the  same  as  for  the  WG-wiggler  system,  except  that  the  beam  energy 
is  lower  due  to  the  shorter  wiggler  wavelength.  The  FEL  design  parameters  are  listed  in 
Table  5.  The  design  is  based  on  a  600  period  wiggler  with  an  effective  length  (equal  to 
two  Rayleigh  lengths)  of  96  cm.  The  wiggler  circulating  power  is  90  MW  and  the  average 
wiggler  parameter  is  =  0.005.  The  small  signal  warm  beam  gain  is  2%  for  generation  of 
10.6  /im  radiation.  The  estimated  peak  output  power  at  10.6  fim  is  3.8  kW  accounting  for 
resonator  losses  and  output  coupling  efficiency. 

IV  Discussion  of  the  WG—  and  QOG— Wiggler  FEL 
Designs 

The  designs  given  in  the  previous  section  show  that,  compared  to  the  QOG-wiggler,  the 
WG-wiggler  requires  much  less  circulating  power  to  achieve  a  given  a*  and  single- pass  gain. 
For  comparable  per-pass  wiggler  losses,  this  translates  into  much  lower  prime  power  required 
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Universal  PEL  Amplitude  (.4) 

17 

Universal  PEL  Efficiency  (AT) 

5.4 

Electron  Beam  Energy 

3.95  MeV 

_ 

Electron  Beam  Current 

■m 

Normalized  Emittance 

10  mm  mrad 

Electron  Beam  Energy  Spread 

1.25  keV 

Electron  Beam  Diameter 

1.8  mm 

Beam  Current  Density 

197  A/cm^ 

Interaction  Length 

96  cm 

PEL  Radiation  Waist  Diameter 

2.54  mm 

Cold  Beam  Gain  per  Pass 

2.8% 

Warm  Beam  Gain  per  Pass 

2.2% 

Optimum  PEL  Resonator  Loss  per  Pass 

0.8% 

PEL  Saturation  Power 

2.2  MW 

PEL  Interaction  Efficiency 

0.08% 

PEL  Output  Power 

3.8  kW 

Table  5:  Parameters  of  a  10.6  nm  PEL  based  on  a  95  GHz,  600  period  QOG-wiggler. 


for  the  WG-wiggler.  The  WG-wiggler  system  derives  its  gain  advantage  in  part  from  the 
ability  to  confine  the  wiggier  radiation  to  a  smaller  cross  section  and  thus  achieve  greater 
power  density  than  the  quasioptical  Gaussian  mode  system.  Moreover,  the  waveguide  cross 
section  is  independent  of  the  wiggier  length  unlike  the  quasioptical  system  where  the  cross 
section  is  proportional  to  the  wiggier  length.  This  factor  leads  to  an  optimum  gain  scaling 
for  the  WG-wiggler  FEL  proportional  to  where  N  is  the  number  of  wiggier  periods), 
compared  to  N  for  the  QOG-wiggler  FEL  (note  that  cross  section  of  the  IR  mode  also 
scales  as  N).  The  penalty  for  confining  the  mode  in  a  waveguide  is  a  reduction  in  iry 
which  reduces  the  frequency  upshift — a  20%  effect  in  the  design  given.  A  more  serious 
limitation  to  the  WG-waveguide  is  the  difficulty  of  scaling  to  shorter  wavelengths,  because 
the  gyrotron  cavity  radius  scales  inversely  with  frequency  for  a  given  operating  mode.  This 
effect  will  probably  limit  in-line  TEi4  WG-wigglers  to  frequencies  below  ~  100  GHz.  This 
would  allow  IR  coverage  down  to  ~  5  pm  at  UCSB  which  has  a  6  MeV  beam.  Frequency 
scaling  is  more  favorable  for  the  QOG-wiggler  system,  because  of  the  open  resonator  and 
because  efficient  second  harmonic  operation  appears  feasible.  As  discussed  in  previous 
work(15],  this  should  allow  operation  at  frequencies  up  to  460  GHz  with  state-of-the-art 
superconducting  magnets.  If  this  can  be  achieved,  it  will  be  possible  for  an  FEL  to  cover 
the  3 — 13  pm  atmospheric  windows  with  a  3  MeV  electron  beam.  A  3  MV  ES  linac  is 
compact  enough  for  a  portable  shipboard  or  truck-mounted  system. 

The  gain  achievable  for  a  given  wiggier  circulating  power  cannot  be  increased  arbitrarily 
by  increasing  the  FEL  beam  current  or  the  number  of  wiggier  periods  because  of  space 
charge  limitations.  Rather,  for  a  given  current,  usually  set  by  the  accelerator  design,  there 
is  a  maximum  wiggier  length  over  which  coherence  of  the  interaction  can  be  maintained.  At 
currents  of  a  few  Amperes,  an  optimum  gain  electromagnetic  wiggier  will  have  more  wiggier 
periods  (500 — 1500)  than  a  conventional  FEL,  which  reduces  the  saturated  efficiency,  but 
the  millimeter- wave  wiggier  remains  compact  and  is  not  subject  to  alignment  errors.  More¬ 
over,  coherence  loss  due  to  FEL  beam  energy  spread  is  not  usually  a  factor  in  ES  linacs. 
On  the  other  hand,  the  electromagnetic  wiggier  FEL  is  readily  scalable  to  higher  power  and 
efficiency  by  increasing  the  FEL  beam  current.  The  saturated  efficiency  increase  due  the 
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shorter  optimum  wiggler  length,  and  the  system  efficiency  increases  because  the  wiggler 
power — the  major  power  drain  in  the  present  design — remains  unchanged  while  the  output 
power  increases. 

The  FEL  designs  presented  above  are  based  on  a  5  A  electron  beam  which  represents 
a  250%  increase  over  what  is  currently  available  at  UCSB.  The  scaling  argument  in  the 
previous  paragraph  can  be  illustrated  in  reverse  by  reducing  the  FEL  beam  current  in  the 
above  designs  to  2  A.  Most  or  all  of  the  gain  can  be  recovered  by  increasing  the  wiggler 
lengths:  from  600  to  a  1000  periods  for  the  WG-wiggler,  and  from  600  to  1200  periods 
for  the  QOG-wiggler  system.  The  resulting  design  parameters  are  given  in  Tables  6  and 
7  below.  The  FEL  output  power  is  down  considerably  because  of  the  lower  electron  beam 
power  and  the  lower  intrinsic  efficiency  of  the  longer  wigglers.  However,  the  gain  reducing 
effects  associated  with  space  charge  and  energy  spread  are  somewhat  smaller  for  the  2  A 
beam. 

In  summary,  design  have  been  presented  for  relatively  low  voltage,  IR  FELs  based  on 
gyrotron-powered  electromagnetic  wiggler  configurations  and  an  ES  linac.  Both  config¬ 
urations  appear  capable  of  producing  kilowatt  peak  powers  at  10.6  inn.  Each  wiggler 
configuration  has  particular  strengths:  the  WG-wiggler  should  achieve  higher  gain  and 
have  lower  losses;  the  QOG-wiggler  should  scale  to  shorter  wavelengths.  The  technical  risk 
associated  with  each  type  of  wiggler  is  similar.  Therefore,  the  type  of  wiggler  chosen  for 
an  initial  experiment  will  largely  depend  on  available  equipment. 
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Figure  1.  Schematic  of  an  IR  PEL  with  a  WG-wiggler  showing  the  PEL  beam  path  and  inter¬ 
action  region,  waveguide  gyrotron-wiggler  resonator,  and  IR  PEL  resonator. 


Universal  Injection  Energy,  Pj^j 


Figure  2.  PEL  oscillator  universal  operating  map[20].  The  solid  lines  are  contours  of  constant 


AP.  The  dashed  lines  represent  equilibrium  states  parameterized  by  constant  x,  the 


ratio  of  beam  current  to  the  minimum  start  current.  The  region  of  stable  single¬ 


mode  equilibria  is  bounded  by  the  dotted  line.  The  average  beat-wave  amplitude  A  is  , 


denoted  by  A  in  the  figure.  (c)1989  North  Holland. 
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Figure  3.  Schematic  of  an  IR  FEL  with  a  QOG- pumped  electromagnetic  wiggler  showing  the 
FEL  beam  path  and  interaction  region,  sub- millimeter- wave  QOG-wiggler  resonator, 
and  IR  h’EL  resonator. 


